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SECTION I

INTRODUCTION

The material contained herein summarizes the progress and results

achieved to date in the research program concerning wideband in—band and

out—o f—band radiating systems. The research program is primaril y

devoted to a basic stud y of methods to characterize wideband radiating

systems performance and the applications of near—field techniques to

such characterizations. Accordingly, the overall research program is

divided into four major tasks that are designed to provide a systematic

approach to understanding and solving the comp lex electromagnetic

effectiveness problems inherent in out—of—band phenomena. The four

major tasks are defined as follows .

Task 1. Provide a near—field methodology to characterize

electromagnetic emitter radiation patterns at in—band and out—of—band

f r eque nc ies for  wide bandwidth radiators. The objective of this task is

to develop the appropriate theory and equations based on statistical

analysis techniques for efficient characterization of wideband

radiators.

Task 2. Theoretically relate the radiation pattern characterization

methodology to the data needs of electromagnetic spectrum usage

optimization analysis. The objective of this task is to relate the

near—field derived wideband antenna characterization to the performance

of t r a n s m i t t i n g  and receiving systems which co—exist in the same EM

environment.

Task ). Provide the methodology to assess the effects of system

devices (i.e., higher—order mode generation) on the radiation pattern.

The objective of this task is to determine a method whereby the pattern

e f f e c t s  of higher—orde r modes which are generated by system devices at

out—of—band frequencies can be assessed.

Task 4 . Investigate the impact of site effects on the near—field

antenna analysis technology . The objective of this task is to extend

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  —---- - - - .__ —--~~~~~~
._
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the existing monochromatic spectrum scattering matrix anal ysis to stud y

antenna siting effects on the wideband and out—of—band performance of

radiating systems .

The research efforts on the various tasks are to be conducted in

accordance with the program schedule presented on Page 3. According ly,

the efforts thus far have been directed toward Task 1.

The approach taken to accomp lish the objectives of Task I consists

of research efforts on the following three subtasks.

(a) Develop the theory for both in—band and out—o f—band
frequencies for deriving statistical average far—field
patterns from wideband or pulsed near—field measurements.
This stud y will concentrate on methods to der ive v a l i d  fa r—
zone pattern statistics by either defining a minimum set of
required nea r—f ie ld  data  or b y develop ing optimum near—field
data processing techniques such as averaging or time domain
pu lse synthes is .

(b) Based upon the theoretical studies , methods of efficientl y
characterizing both wideband continuous—wave and pulsed
radiators using near—field measurement techni ques will be
devised and studied. The basic limitations of these methods
will be identified , and the expected accuracy of each of the
techni ques will be assessed.

(c) Based upon the theoretical studies , a numerical simulation
which will be app licabLe to various antenna types , such as
reflector and phased—array antennas , will be developed to
demonstrate that valid statistical far—field pattern distribu-
tions can be obtained from near—field measurements.

Preliminary theoretical results of the research efforts conducted

thus far are presented and discussed in Section II. The results of a

statistical numerical simulation of linear phased array performance are

presented in Section III. These numerical results are used to validate

the anal yticall y derived statistical patterns and to show the general

t rends  of the  out—of—band antenna performance which must be taken into

consideration in the anal ysis. Finally, Section IV presents a summary of

the work performed to date and scheduled future efforts.

2
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SECTIu:. II

• THEORETICAL DEVELOPMENT OF STATISTICAL EQUATIONS

A. Introduction

The electr omagnetic radiation characteristics of a pulsed or

wideband radiating system can be predicted and described by conventional

elec tromagnetic analysis techni ques if  a l l  of the sys tem var i ab les

behave - in a deterministic manner. However , there is a strong

possibili ty that some of the system variables for pulsed or wideband

radia ting systems may behave in a random manner if the feed ne twork can

support multi—mode energy propagation at any of the relevant frequencies

in the operational frequency band . It is known from both theory and

experiment that the radiated fields will also exhibit random behavior

[1—4 J . Conseq uently, statistical ana lysis  techni ques mu st be app lied to

predic t and describe the radiation characteristics. Statistical analyses

involve the application of certain mathematical operations , no tabl y

certain kinds of integrations or summations , to the ini t i a l l y

deterministic conventional equations. Consequently, the resulting

statistical equations for the antenna radiation patterns involve all of

the deterministic variables of a system plus the statistical parameters

of the variables that are random.

The primary thrust of the theoretical efforts thus far has been to

develop the equations relating the far—field out—of—band antenna pattern

cha racteristics to the electromagnetic field quantities obtained from

near—field antenna measurements. These initial preli minary anal yses

have been cond ucted for a one—dimensional radiator in order to gain

insi gh t into the nature and comp lexi ty of the statistic al aspects of the

problem. Howeve r , extension of the techni ques to the two—dimensional

case is s t ra igh t forward , albei t tedious .

B. Frequency Doma in Statistics

The ana lysis has been conduc ted for the linear array of waveguide

elemen ts dep icted in Figure 1. The array is assumed to be either pulsed

or operated over a finite frequency band . The frequency spec trum is

4
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• assumed to contain some components which can be propagated in higher—

order mode field configurations in the waveguide elements. A convenient

star ting point in the analysis is to first write down the appropriate

equa tions for a non—random antenna measurement situation. T~.t anal ysis

of randomly—exci ted antennas can then subsequently be cond uc ted bas ed on

the initiall y deterministic equations and statistical anal ysis

• techniques.

The electric field produced on the near—field measurement plane

loca ted at x = x is the superposition of the radiation fields of the

individ ual element radiators. It is assumed that the measurement p lane

is located at a distance x that is greater than or equal to the far—

field dis tanc e of each element radiator. The electric field produced at

a near—field measurement point due to the multi—moding array of

waveg u ide e le men ts may be w r i tt en as

E
q
(W) = ~~~~~~ a~ (W)h7(W~~~ q

) 
exp E-~ 

r gq] ( 1)

where ~ = 2~1 x frequency,

A
m 

= complex mode coefficient for the m
ti
~ mode in the

~th elemen t ,

= far—field electric field pa tt ern of the  mth mode of the
thI e le m e n t ,

= angular location of the q
th 

measurement point with respect
th

to the center of the 2. element ,

c speed of l ight in vac uo , and

= magnitude of the radius vector from the center of the
q th th .2. elemen t to the q measurement point.

The p lo ts of amp li tude and phase shown near the bottom of Figure 1

dep ic t either (I) the electric field versus frequency as the array inpu t

signal is swept over a specified frequency band or (2 )  the comp lex

freq uency spectrum of a radiated pulse . In either case , differen t

6
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results would be obtained at different measurement points. The

frequency spectrum of the t ime pulse is obtained via the Fourier

transform of the pulse , which is

E
q
(tiJ) — 

~~~ 
E~ (t 1~ exP [— iwt0] 

( 2)

where E ( t  ) is the t ime—domain response.q a
The far—field elec tric field is obtained as the discrete Fourier

transform of the near—field electric field. Thus , the fat-—field

elec tric field is given as

E(u ,
~~
) - ~~~ Eq

(u) eXP~~ j sin(+)Y
q] 

‘ 
(3)

where Y
q 

= y—coordinate of the q measurement point ,

= azimuth angle of the far—field observation point , and

where E
q 

L S  a previo usl y def ined b y Equation (I). A factor (l/r) , where

r is the distance from the center of the measurement p lane to the far—

field observa tion point , has been suppressed in Equation (3) and

subsequent equations.

The power densi ty in the far—field of the antenna is obtained by

multi pl y ing Eq uat ion (3)  by its complex conjugate. The resulting

eq uation for the power density P(~~.~~) is thence

P(u ,4~)

1
~•r

L.._fE
~q
I(4E

q
(w) exp

[J ~~ sin(~~) (Yq i _ Yq )J (4)

Equations (1) through (4) are the well—known basic equations for

• analyzing deterministic (non—random) antenna patterns utilizing the

frequency domain approach. The temporal (time) behavior of the

• electric field is obtained via the Fourier trans form with respect to
• frequency. The ci. rrespoading anal ysis of a randoml y—excited array
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antena primarily involves the app lication of certain mathematical

• operations to these same equations , as described in the following

paragraphs.

The plots shown in Figure 1 can be interpreted as representing the

measured response obtained from one experiment involving a randoml y—

exc ited antenna. Successive experiments would yield different responses.

Conseq uently, a rando m ly exci ted antenna has many possible near—field

dis t r ib ut ions , spec tral responses , and far—field patterns. The amount

of near—field data required to characterize a randoml y—excited antenna

w i ll  be much greater than the amount of data required to characterize a

comparable deterministic antenna unless suitable statistical anal ysis

can be devised to reduce the data requirements.

Th e sta t is t ica l  average value  of the far—field power density is

written as

=

E
q
(W~~ )> ex~~[~ ~ 

sin(~ )(Yq~
_Y

q)] 
~~

where the angular brackets denote the statistical average value t 5 1 .
The angular brackets are shorthand notation for integrals of the type

W (  ~)>
1 fl (6)

where >~ 
— a non—random v a r i a b l e ,
= random variables , and

probability density function for the random variables.

Simila rl y, the statistical average value of the (comp lex) e lec tr ic  f i e l d

is

— 
~~~<Eq

(W)> exP [_i ~ sin ( IP ) Y
q] (7)

The electric field is , of course , a comp lex valued function and is

therefore not an observable quantity. However , the statistic al average

8
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value and hi gher—order statistical moments are well defined quantities

[51 . In particular , the statistical average value of the comp lex

electric field E is defined asq

(8)
• < E q

(W) > = <Uq(W) > —

where U
q 

and V
q 

denote the real and imag inary parts , respectivel y, of

E • U and V are defined in the conventional manner as
q q q

A q
(W ) C O S~~~~ q

(U ~~ j , and (9)

V
q
(W) — A

q
(u) sin [ctq(w)] 

• (10)

where A (u) = relative amp litude (real number) of the electric
q field at q, and

= relative phase o~ the electric field at q.

Thus , a knowledge of the average values of the real and imaginary parts

of the near—field electric field over the measurement p lane permits the

computation of the average far—field electric field as the Fourier

transform of the average near—field electric field.

The average power density is related to the product < E*> < E > ,

where the symbol * denotes comp lex conjugation , as

<E*(w,~~)) <E(~~~~)> + CE*E (w~~
) . 

(11)

The symbol C
F*E 

denotes the covariance func tion and is defined as

C
E*E (u,

i
~
) <E*(w ,4,)E(u,~~)> — <E*(w ,q,)> <E(w ,4)> (12)

‘ 

The equation for the far—field covariance function can be derived for

the linear array via straightforward algebraic manipulations. The

9
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r
resulting equatio n is

CE * E (
~~
,
~~
) - Y 2

q
(W~~~) +

q ( 1~~)

~~~~~~~~~~~~~~~~~~~~~~~~~ [i ~ si n(u) (?
q i _Y

q )]

where denotes the standard deviation of the near—field electric field
q

at q and R , denotes the cross—correlation coefficient for the
q q

electric field at q and the conjugate of the electric field at q ’.

The standard deviation Yq 
is a real number and is equal to the

square root of the sum of the variances of the real and imag inary parts

ot E
q • 

Accord ing ly ,  is written as

Yq
(W) - ~~~~u

(~~~~
2
q 

+ 1
~ v (

~
) 1 q • 

(14 )

where [~ (
~ ) J = standard deviation of the real part of E , and

u q q

~ v~~~
1 q 

standard deviation of the imaginary part of Eq •

The cross—correlation coefficients R , are defined as the
q q

comp lex  n u m b er s  ob ta ined  v i a  the eq ua t ion

R , (
~~ = ~ q~ i.j 

- -

i.i ‘l q i ( )  l
q

(I~~I) ‘ (15)

~h e r e  the numerator of Equation (15) is reterred to as the cross

ovariance function. The cross—covariance of the electric field at q is

II) =~ {~~t~q e (~~
)Il

q 
( 

~> - < Uq I ( )><Uq 
( i.)>]

(16)

+[<Vq~~
( w )V

q
((
~)> 

- <Vq~~(w)XVq (w)>]~

+ i

~

[<V q

~~

(w )U
q (i&i) > _ < V q i (w ) > < U q (w)>]

- [<uq~ (\  V
q 

(~)) - <U q~ (ui)> < V
q 

(iii)>]

10
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The rigorous analysis of the far—field statistical average power

patt ern for a given frequency is seen from Equat ion ( 7 )  throug h ( 16) to

• requir~ computation of the following near—field statistical quantities:

(1) statistical average value of the real and imaginary parts of
the near—field electric field at all measurement points ,

(2) the standard deviation of the real and imaginary parts of the
near—field elec tric field at all measurement points , and

(3) the cross—correlation coefficients of the near—field electric
field at all different measurement points.

In a near—field measurement situation , these quantities could be

determined by computing the “samp le” average values and standard

deviations obtained from repeated trials. The samp le average value [5]

of  ~p r a n d o m  v , r i T h I o  W is defined as

= w n (17)

wht~re W is the value of W obtained in the ~th tr i a l , and N is the

number of trials. Similarl y, the samp le standard deviation 0

defined as

= - ~w > j
2 (18)

The measurement procedure for a CW antenna might proceed as

foll ows. With the probe positioned at the measurement point q, sweep

the frequency of the transmitting test antenna over the frequency band ,

recording the relative received power level in dB and the relative

phase angle in degrees , on magnetic tape or disc at preselected

frequencies in the band. Repeat this procedure , say, 10 times.

Reposition the probe to the next sample point and repeat the measurement

process until all desired measurements are comp leted.

Computation of the required near—field statistical parameters for

each discrete frequency is then carried out via computer programs. The

far—field statistical average power pattern given by Equation (11) is

computed with the aid of a computer program employ ing the Fast Fourier

Transform algorithm . However , the computations are likel y to become

i i
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prohibitively t ime consuming and expens ive and may exceed active

computer core requirements if it is necessary to compute all of the

correlation coefficients. It is very likel y that the correl ation

coefficients decrease rap idl y as a function of distance between

different samp le points. Consequentl y, it may be possible to greatl y

reduce the number of correlation coefficient computations . It is

anticipated that measurement expetience with near—field out—of—band

radiating system will provide engineering guidelines for selecting the

size of the correlation region that is needea for accurate patte rn

calculations. Estimates of the size of the correlation region can also

be derived in terms of assumed correlation coefficients of the random

mode excitation coefficients within the radiating system proper.

It should be noted that stat isticai correlation betdeen the modes

in different elements of an array anteena will be a function of m u t u a l

coup ling between the array elements. The degree of the correlation

between the signals in different elements is proportional to the degree

of mutual coup ling between the elements. Consequentl y, the magnitude of

the correlation coefficients and the size of correlation reg ion may vary

considerabl y with in—band operating conditions such as in—band desi gn

scan ang le. However , in the absence of mutual coup ling, each element is

functionall y independent of all ether elements , and there is therefore

no m e c h a n i s m  for correlation between inter—element mode coefficients.

That is , the  random variations in the mode exci lat ion coefficients in

different elements are statisticall y independent and therefore are

statisticall y uncorrelated in the limit of zero mutual coup ling.

If the intra—ele inent mode excitation coefficients are also

s t a t i s t i c a l l y independent , the c ros s—cor re l a t ion c o e f f i c i e n t s  of the
• entire near—field electric field will all be zero and the s t a t i s t i c a l

average power pattern is then computed as

• <P(. , ~)> — < E*(w , ~)> < ~~~~~~ > + y 2 (w )  (19)
• q~~~

12
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where all symbols are as previousl y defined. Moreover , the probability

density function for this important special case has been previousl y

derived. A knowledge of the probability density function permits

computation of the standard deviation and any other higher order

statistical moments of the far—field power pattern. The equation for

the probability density function is derived in Re ference 3 and is

presente d below as

T (w~~~~) 
exP[_ 

P(~~~~) + n 2 (w~~
)]. I [ ~~(w ,fl J , (20)

where f[P(o ,~~)J probability density function for the far—field powe~
density,

• ;~~
‘ ( , ~~ ) <l~* ( , ,~~\ > e~

’F ( . , :)> , ( 2 1)

( 1 )  Y (‘c)

q ’ q ‘ (2 2 )

1 Mod i f  i od Rt ”,si~ I f u n i  t ion of th~ f i rs t k h i d  .iiid ( 23)
order zero , and

( • , ~
) / } ) (~~ , •;~~

~~~~ I )  =
—
~ 

~ (~~)

Preliminary analyses indicate that the probability density function

[or the near—field power density has the same form as Equation (20).

Howeve r , the parameters n , i , and ~ are functions of the deterministic

v ar i a b l e s  w , , y , and c~ in the near—field case rather than ( , , ~~)
o q pq

as in the far—field case. Of course , the parameters n , , and I~ ar~
• functions of the statistical parameters of the mode statistics for both

the near—field and the far—field situations .

The average value and standard deviation of the far—field power

densi ty are readily obtained from Equation (20) by evalua t ing the

• . integrals

13
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f [ P ]  dP , and (24)

-<P>]2f[P] dP , 
(25)

respectivel y. The integrations can be performed with the aid of Laplace

transform techni ques and the resulting expressions for the average value

P (,~ ) and standard deviation o~~ (w~~4) are, respectively,

= n (w ,4i) + T(~i) (26)

= (~
) ] -

~ + 2 [  i (~~) ]
2 (~~~~

)] 
. (27)

The statistical average comp lex frequency transfer function for the

antenna system can also be obtained with the aid of the statistical

Equation (6). A knowledge of the statistical average comp lex frequenc y

transfer function allows computation of the statistical average time

domain re8ponee of the antenna system. The average transfer function

is computed as

(28)

where H( w ) is either the comp lex frequency spectrum of the input t ime

pulse to a pulsed system or simp ly the input test frequency spectrum for

a CW system. The statistical average complex far—field electric field

E’( ,~ ) for a different input spectrum H’( ’) is just

(E ’(u,~)) ‘<B (w ,*)>H ’(w) . (29)

The average- t ime domain response E’(t ,cI~) is computed as the

Fourier transform of Equation (29). Hence ,

14
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~ E’(t,4,)) 
= 

~~
- 

~~~~~
<
~~~~~ !1

’ t )  H’(w )exp11~ 0t l . (30)

C. Time Domain S t a t i s t i c s

The t ime—domain behavior of a pulsed antenna system can óe obtained

wi th the aid of the preceding frequency—domain equations and the

Fourier transform with respect to frequency. In particular , the t ime

dependent statistical average complex far—field electric field may be

w r i t t e n  as

‘ E(t ,~~)> 
= -

~~~
-- 

~~~ <E(w~~
,
~~

)>ox pl 1 t ]  (31)

In analogy wi th the techni ques described previo usl y for computing

average powe r densi ty, the statistical average t ime dependent power

de nsi ty is written as

= <E*(~~,4)> KF(t .~~)> (32 )

+ + : , ~ 
R , ex p F J ( _

~ , ) t l

whe re •
~ 

standard deviation of E (w ,4,),

= standard deviation of ~~~~~~~~~~ and

R , = cross—correlation function of E(~~ ,~~
) and E*(, ,,4,).

It should be noted that the cross—correlation function R , (4 ’• n f l
appearing here is not a t ime correlation function but rather is a

• frequency—dependent correlation function for the electric fields at

different frequencies.

A comp lete descri ption of the statistics of the time dependent

power density is possible if the probability density function can be

15
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derived. In the limiting cage where the mode excitation coefficients

are statistically independent , preliminary analyses indicate that the

probability density function for the time dependent power density for a

• p u l s e  of moderate bandwidth has , approximately,  the same anal yt ica l  form

as the probability densi ty function for the frequency—dependent power

density given previously in Equa tion (20). Further theoretical stud y is

needed in order to derive the probability density function for pulse

s p e c t r a l  beamwid ths  in the several gigahertz range.

p~~
__Fr eguency—Averaged S t a t i s t i c a l  Average Antenna  P a t t e r n s

The p r e c e d i n g  d i s c u s s i o n s  have addressed statistical averag ing

over r ando m l y—varying variables. It may be meaning f u l to a l s o  ave rage

over f r eq uen cy in some app lica t ions involving a CW radiating system of

moderate bandwidth. The purpose of averag ing over frequency is to

obtain a single average pattern plus standard deviation that adequatel y

describes the general radiation characteristics of the antenna . The

single average pattern plus standard deviation rep laces the large

collection of patterns versus frequency that would otherwise be needed

to characterize the antenna.

Two diff erent methods for obtaining the frequency—averaged

statistical pattern have been formulated. The most direct method for

obtaining the frequency—averaged statistical average pattern is to first

compute the statistical average pattern at selected frequencies and then

arithmeticall y average the statistical average patterns. This process

is described mathematicall y as

= 

~ 
:)  ( 3 3 )

• where N is the total number of selected frequencies and where frequency

averaging is denoted by subscri pt w on the outermost right—hand angular

bracket. It is also possible to obtain the frequency—averaged

statistical average pattern by first computing the deterministic

frequency average and then computing the statistical average . This

16
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process is described ma thematicall y as

• ~ . ~~~ ‘x ~~ f~ ld q ‘q’
~ -]  (34)

wh er ~

= ~ i •ii 
~~ , - y , and (35)

q (~ q q

<hq
l q >=  

~ 
~~~~~~~~F~~ q

i ( ‘ ~~ . ~q~ i~> ~~~~~~~~~~~~~~~ ( •~~ 1

The amount of computational labor required to compute frequency—

average statistical average patterns is roughl y equivalent for the two

methods. It should be mentioned that the frequency averaging techni ques

discussed herein do not reduce the amount of near—field data that must

be recorded . A reduction in the near—field data requirements can be

accomplished - at the expense of a nominal reduction in accuracy and

detail in the far—field antenna pattern characterization. However , this

tradeoff may well be justified in eng ineering app lica tions. Numerical

investi gations have been initiated to stud y the suitability of using

onl y the center—frequency statistical average pattern p lus statistical

standard deviation to characterize an out—of—band antenna over a 2 GHz

bandwidth. Preliminary results are presented and discussed in the

following section.

17
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SECTION I I I
NUMERICA L SIMULATiONS

A. Introduction

• Numerical simulations have been initiated with the aid of two

exis ting computer programs AVPATT and RANPATT developed b y Georgia Tech

fo r analyzing linear random—out—of—band antenna systems . AVPATT

computes statistical average patterns based on Equation (19). RANPATT

computes individual random patterns based on Equation (5) and pseudo—

random number generators. Both of these computer programs are coded in

the ANS I FORTRAN IV computer language. The programs were original l y
• w r i t t e n  for execut ion  on the old UNIVAC 1108 computing system.

Necessar y modifications have been comp leted making the programs

compa tible with the current CDC CYBER 74 computing system.

B. Out—of—Band Antenna Patterns

Statistical average antenna patterns and individual random antenna

patterns have been computed for a randoml y—exci ted l inear array of

waveguide elements. The in—band design frequency is 9.0 GHz and cen ter—

to—center element spacing is 0.53 A where \ is the wavelength at 9.0

Gf-lz. Roth kinds of pa tterns were computed for out—of—band frequencies

of 17 through 19 GHz in 0.5 GHz steps . Energy may be propaga ted in any

combination of the five higher—order mode field confi gurations (~~,7 J
that can exist in the WR— 90 (X—band) waveguide at the aforementioned

out—of—band frequencies. The transverse electric fields of the five

poss ib le  propaga t ing modes a re dep ic ted sche mat i c a l l y in Figure 2. It

i s seen that the TE01 is po la r i zed  en t i re l y transverse to the

TE 10 mode , and the TE 11 and TM 11 modes have components polarized

transverse to the TE10 mode, The TE20 mode is polarized parallel

wi th the TE
10 

mode. The out—of—band antenna patterns will have a

cross—polarized component if energy is propagated in the TE01, TE H.
and/or TM

11 
modes.

18
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(0) TE ,~ MODE (b) TE20 MODE

(c) TE01 MODE (d) TE,, MODE

(e) TM1, MODE

• • Figure 2. ~ kt ~t c h  depicting t~-ie transverse eli’i-tr ic fields of t h e
f ive possible propagating out—of—hand waveguide modes in
W R — 9 ( )  (x—band) waveguide at the operat i~m~ l frt~q~.encv
of 18 Cl- h z.

19
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The out—of—band antenna patteras shown in Figures 3 through 16 were

computed for the out—of—band frequency of 18 GHz. Figures 3 throug h 10

• involved energy propagation in all 5 modes. The statistical average

val ue of the power flow in each mode is 0.2 watt. Note that the

pa tte rn s show n in Fi gures 3 through 6 were computed for an in—band scan

angle  of ze ro degrees and the pa tt erns shown in Fi gures 7 thro ugh 10

were computed for an in—band scan angle of —30 degrees. The statistical

average patterns shown in Fig u re s 11 and 12 involved ene rgy p ropaga t ion

in onl y the TE 10, TE 20 ,  and TE 10 modes. The statistical average

for the in—band scan ang le of zero degrees power f low in each mode was

0.333 watt.

Comp ar i sons of the sta t is t ica l  average patterns de p ic ted in Fig ure s

3 , 5, 7, and 9 wi th the i r  corr espondi ng in d ivid ual rando m pa tt erns shown

in Fig u res 4 , 6. 8, and 10 , respec t i v e l y ,  indica te that the average

p a t t e r n s  a re a good desc r i ptor of the genera l trend s observed in the

corresponding individual random antenna patterns. Comparison of the

statistical average patterns dep ic ted in Fi gures 11 and 12 with the

stati stical average patterns decp i ted in Fi gures 3 and 5 show that the

overall shape of the patterns depends on the modal content. Referring

to Figures 7 throug h 10 , it is observed that the out—of—band mainbeam

does not scan to the in—band scan ang le of —30 degrees. All of the

trends mentioned above are delineated and discussed in greater detail in

References 3 and 4.

The out—of—band patterns shown in Fi gures 13 and 15 dep ict the

superposition of the individual random antenna patterns at 17.0 , 1 7.5 ,

18 .0, 18.5 , and 19.0 GHz for parallel and cross—po 1~ rization ,

respective ly ,  f o l l o w e d  by the same—sense sta. stica l average pattern

p iu s standard deviation for 18.0 GHz shown ~‘ Fi gures 14 and 16 ,

respec t ive l y. The standard deviation line shown on Figures 14 and 16

for the sidelobe regions is an estimate based on the limiting value of

E quat ion ( 2 7 )  in the s idelobe region and was m a n u a l l y g rap hed. The
• 

- standard deviation equation will be incorporated in AVPATT in the near

future .

~~~~. 
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Inspection of Figures 13 thro ugh 16 indica tes that the out—of—band

statistical average pattern plus statistical standard deviation at the

center frequency (18.0 GHz) provides a good engineering descri ption of

the out—of—band radiation characteristics over the 2—GHz bandwidth.

Howeve r , further studies are needed in order to determine the in—band

operating conditions and the out—of—band statistical conditions for

w h i c h  this  techni que is valid. The stud ies are in progress and the

results will be presented and discussed in a future report.
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SECT ION IV

• SUMMARY

• A. _ An~jysis

The theory and equations for deriving statistical average out—o f—

h and intenna patterns of wideband and pu lsed rad ia tors have been

developed. The anlaysis has been conducted for a one—dimensional

radiat or. However , extension to two—dimensional radiators is

straig htforward , albei t tedious. The anal ysi s shows that the

statistical average pattern for a g ive n f r eq uency is a function of the

following near—field statistical parameters:

• (I) statistical average value of the electric field at all near—
field measurement points ,

(2) the standard deviation of the electric field at all
measurement points , and

(3) the cross—correlation coefficients of the electric field at
all different near—field measurement points.

In a near—field measurement situation , these s ta t is t i ca l  parameters

could he determined by compu t ing appropr ia te “samp le average” val ues v ia

repeated trials. Alternativel y, the statistical parameters can be

calculated if the radiating system mode stati stics are known from theory

or experiment.

A frequency—averaged statistical average pattern for a CW radiating

system may be obtained by a r i thmet i c a l l y ave rag ing the statistical

aver age patterns over frequency. The frequency average pattern p lus

s ta ndar d devia t io n may be suitable descriptors for a moderate—bandwidth

• CW radiating system.

The statistical average pattern versus time for a pulsed system

dep ends on all of the above near—field statistical para meter s , and th e

f o l l o w i n g  far—field statistical para me te r s :

(1) the statistical average value of the far—f ield electric field
at all frequencies in the frequency band ,

(2) the standard deviation of the far—field electric field at all
frequencies in the frequency band , and

(3) the cross—correlation coefficients of the electric fields at
all differen t frequencies in the frequency band .
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Inasmuch as the far—field statistical parameters versus frequency art

derivable from the near—field statistical parameters previ ously cited ,

the characterization of a pulsed system does not require measurement o~
any addi tional near—field statistical parameter s.

B. Numerical Simulations

Numerical simula tions have been initiated to stud y the suitability

• of characterizing a moderate bandwidth CW radiator b y the s ta t i s t i c a l

• ave rage  p a t t e r n  plus standard deviation for the center frequenc y in the

band. The calculations have been performed for a multi—moding linear

array of waveguide elements. Preliminary results are encouraging but

further simulations are needed in order to reach valid conclusions. The

simulations performed to date have been conducted for the important

s pec ial case whereb y the cross—correlation coefficients of the near—

field elect ric field are all zero.

C. Scheduled Future Efforts

The research effor ts will proceed in accordance with the schedule

presen ted on Page 3 in Sec t io n 1 unless  re d irec ted b y ARO . According l y,

• i t  is an t ic i pa ted tha t Task I w i l l  be comp le ted and Task I I  w i l l  be

initi ated during the reporting period ending June 1979.

Addi tiona l numerical simulations will be conducted to define the

in—band scan condi tions and out—of—band statistical conditions for which

the statistical average pattern p lus standard deviation at the center

frequency is a good descr i ptor of moderate bandwi dth CW radiating

systems . Theoretical investi gations will also be conducted to derive

realistic approximate equations for the cross—correlation functions for

bo th phased array anntennas and reflector antennas. The impact of

cross—co rrelation on measurement comp lexi ty can then be assessed .

Theoretical stud ies will be initiated for Tasks II to derive

appr opriate statistical equations for predicting coup l i n g  be twee n co

sited near—field antennas. It is anticipated that the Plane Wave

Spectrum (Pws) techni que combined with statistical ana lysis techni q ues

will be utilized in the derivation.
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